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Abstract
We give a short description of the qBounce-experiment. The dynamics of the wavefunction of a neutron in the
gravity potential has been observed and transitions between discrete energy level have been realized. The experiment
allows to test Newton’s inverse-square law of gravity with quantum objects by means of quantum interference at short
distances.
Keywords: Gravitation, quantum interference, cosmology, neutron, string theories with large volume
compactiﬁcations and/or low string scale
1. Introduction
A neutron with mass m, which falls due to gravity and bounces oﬀ a ﬂat surface, is an example for a quantum
bouncer, since we use the Schro¨dinger equation to describe its dynamics [1, 2, 3]. A review on ”Quantum wave packet
revivals” can be found in [4]. Gravity tests with neutrons as quantum objects or within the classical limit are reviewed
in [5]. The linear gravity potential is larger than the energy of the particle and the system has discrete energy levels.
Such quantum states have been demonstrated by us at the Institut Laue-Langevin with ultra-cold neutrons in a previous
collaboration [6, 7, 8, 9, 10]. The energy eigenvalues En = ω of the lowest levels |n〉, (n = 1, 2, 3, 4, 5) are 1.41
peV, 2.46 peV, 3.32 peV, 4.09 peV, and 4.78 peV. The energy levels together with the neutron density distribution are
shown in Fig. 1. The idea of observing quantum eﬀects in a gravitational cavity was discussed with neutrons [14] or
atoms [15].
These experiments are interesting for several reasons. First, the gravitationally bound quantum states have in
the lower states an energy value that is smaller by many orders of magnitude compared with an electromagnetically
bound electron in a hydrogen atom, opening the way to a new technique to test the equivalence principle [16] and
measurements of fundamental properties. We have now on hand a high precision one-component gravitational neutron
spectrometer with available spatial resolution of about 1 μm and energy resolution of 1 peV. Second, new experiments
on gravitation are motivated by string theories with large volume compactiﬁcations and/or low string scale. These
theories predict modiﬁcations of Newtonian gravity in the sub-millimeter range due to repulsive forces mediated by
possible Abelian gauge ﬁelds in the bulk. The strength of the new force would be 109 to 1012 times stronger than
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Figure 1: Energy eigenvalues (blue) and neutron density distributions (red) for level one to ﬁve. The picture is taken from [21]
gravity and at the experimental limit of our setup. The qBounce system allows to test the law of gravitation at small
distances by quantum interference deep into the theoretically interesting regime of 1000 times gravity. Previous limits
are [11, 12]. The new idea is to explore a unique system consisting of a particle, the neutron, and a macroscopic object,
the mirror, and its precise measurement of quantum de Broglie phases. This has already been done by two diﬀerent
techniques. The ﬁrst one is a measurement of the time evolution of the Schro¨dinger wave function the second one is a
measurement of the energy splitting between energy eigenstates. We present both methods in this paper.
2. Experimental Details
The experiments with neutrons are performed in the following way at the Institut Laue-Langevin, Grenoble: Neu-
trons are taken from the ultra-cold neutron installation PF2. A narrow beam of ultra-cold neutrons is prepared with an
adjustable horizontal velocity range between 5 m/s and 12 m/s. Fig. 2, left, shows a sketch of the experiment. At the
entrance of the experiment, a collimator absorber system limits the transversal velocity to an energy in the pico-eV
range. The experiment itself is mounted on a polished plane granite stone with an active and passive antivibration table
underneath. This stone is leveled using piezo translators. Inclinometers together with the piezo translators in a closed
loop circuit guarantee leveling with a precision better than 1 μrad. A solid block with dimensions 10 cm × 10 cm ×
3 cm composed of optical glass serves as a mirror for neutron reﬂection. The neutrons see a surface that is essentially
ﬂat. An absorber/scatterer, a rough mirror coated with a neutron absorbing alloy, is placed above the ﬁrst mirror at a
certain height in order to select diﬀerent quantum states. The neutrons are guided through this mirror-absorber-system
in such a way that they are in ﬁrst few quantum states.
3. qBounce and the Dynamics of Ultra-Cold Neutrons Falling in the Gravity Potential
Here, the experiments measure the time evolution of the wave function of a quantum bouncing ball. Under the
inﬂuence of gravitation, interesting quantum phenomena such as collapses and revivals of the wave function may be
visible.
The experiment consists of two parts. In the ﬁrst parts, the neutrons entering the system are prepared in a well-
deﬁned quantum state. This section consists of a neutron guide with a neutron mirror on the bottom and a scatterer
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Figure 2: Sketch of the setup.
.
on top. After this preparation process the quantum state falls down a step of several microns. This has been realized
with a second mirror, which is placed after the ﬁrst one, shifted down by 30 μm. The neutron is now in a coherent
superposition of several quantum states. Quantum reﬂected, the wave-function shows aspects of quantum interference,
as it evolves with time.
The Schro¨dinger-wave packet - the spatial probability distribution - has been measured at four diﬀerent positions
with a spatial resolution of about 1.5μm. More information on this experiment can be found in [18]. Fig. 3 shows a
ﬁrst result with CR39 detector at positions x = 0 cm, x = 6 cm; the quantum fringes are already visible here. The
theory makes use of the independently determined parameters for the scatterer and has been convoluted with the spatial
detector resolution.
The spatial resolution detector has been developed recently using 10B-coated organic substrates (CR39) [17]. The
detectors operate with an absorptive layer of 10Boron on plastic CR39. Neutrons are captured in this coated Boron
layer in a Li-α-reaction. Boron has two naturally occurring and stable isotopes, 11B (80.1%) and 10B (19.9%). The 10B
isotope is ideal at capturing thermal neutrons. The Li-α-reaction converts a neutron into a detectable track on CR39.
An etching technique makes the tracks with a length of about 3 μm visible. The information is retrieved optically by
an automatic scanning procedure. The microscope is equipped with a micrometer scanning table and a CCD camera of
suﬃcient quality. A drawback of this procedure is that it is very time consuming and does not allow for fast feed-back.
In addition, corrections are large and of the order of between 5μm and 50μm. An electronic alternative, which allows an
online-access to the data, are modern CCD or CMOS chips. Again, a thin boron layer will serve as neutron converter.
4. Gravity-Resonance-Spectroscopy
This section follows in part [21]. A quantum mechanical system that is described by two states can be understood
in analogy to a spin 1/2 system (assuming two states of a ﬁctitious spin in the multiplet, similarly to spin up and spin
down states). The time development of such systems is described by the Bloch equations. In magnetic resonance of a
standard spin 1/2 system, the energy splitting results in the precession of the related magnetic moment in the magnetic
ﬁeld. Transitions between the two states are driven by a transverse magnetic radio frequency ﬁeld. Similar concepts
can be applied to any driven two level system, e.g. in optical transitions with light ﬁelds. Here we apply this picture to
quantum states in the gravity ﬁeld, where transitions between diﬀerent levels have been observed.
The method of Rabi spectroscopy usually used in atom optics can now be applied to quantum states in the gravity
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Figure 3: Right in black: A measurement of the Quantum Bouncer. Upper ﬁgure: A ﬁt to the square of the prepared Schro¨dinger wave functions just
at the step (x = 0 cm). Lower ﬁgure: Quantum prediction after falling and rebouncing (x = 6 cm). The ﬁgure is taken from [20]
.
potential of the earth together with a mechanical coupling. A realization of this Gravity-Resonance-Spectroscopy has
been reported in [22].
We start with a short description of Rabi’s method [19] to measure the energy diﬀerence between a two-level
system with a coupled oscillating ﬁeld. With ωpq, the frequency diﬀerence between the two states, ω, the frequency of
the driving ﬁeld, ΩR, the Rabi frequency and the time t, the Hamiltonian H is given by
H =
⎛⎜⎜⎜⎜⎝
ωpq
2
1
2ΩRe
−iωt
1
2ΩRe
iωt −ωpq
2
⎞⎟⎟⎟⎟⎠ . (1)
The probability of being found in the excited state as a function of time is
P(t) =
(
ΩR
Ω´R
)2
sin2
(
Ω´R
2
t
)
, (2)
where the eﬀective Rabi frequency is
Ω´R =
√
Ω2R + (ωpq − ω)2 =
√
Ω2R + δ
2 , (3)
with detuning δ from resonance. The sinusoidal population transfer is referred to as Rabi ﬂopping. It has been pro-
posed to measure the energy levels of a neutron in the gravitational ﬁeld of the Earth with this method (GRANIT
experiment[23, 24]). The periodic drive is given by neutrons moving through a spatially oscillating magnetic ﬁeld
created by horizontal conducting wires.
As we will show below, one can drive transitions between quantum states in gravity above the mirror by vibrating
the mirror surface.
Lets consider the motion of ultra-cold neutrons in the gravitational ﬁeld above a mirror. We assume the gravita-
tional force to act in z-direction, while the mirror is aligned with the xy-plane, vibrating with amplitude a in z-direction.
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The motion in x- and y-direction is free and completely decouples from that in z-direction. To implement Rabi’s method,
one ﬁrstly has to realize a state selector, secondly a so called π-pulse creating the superposition of the two states, whose
energy diﬀerence is to be measured, and a state detector as described in a previous section. For an energy diﬀerence
measurement between two gravitational quantum states |p > and |q >, ultra-cold neutrons are prepared into |p > in
Region 1. In Region 2 an oscillator drives transitions between |p > and |q >, if the oscillation frequency matches their
energy diﬀerence. In Region 3 a second state selector as analyser only transmits neutrons in state |p >. A detector be-
hind this system counts the neutrons transmitted. In our experiments, Regions 1 to 3 are realized with only one bottom
mirror coupled to a mechanical oscillator, a scatterer on top and a neutron detector behind, bottom view. The scatterer
only allows the ground state to pass and prepares the state |p >. The vibrating mirror induces transitions to |q > which
are again ﬁltered out by the scatterer. The resulting drop in intensity is recorded by the detector behind the system. The
neutrons are again taken from the ultra-cold neutron installation PF2 at Institut Laue-Langevin (ILL). We do not use
the full spectrum of ultra-cold neutrons available at PF2, but restrict the horizontal velocity to 5.7 m/s < v < 7 m/s. The
entire neutron mirror setup is evacuated. With the help of a mu-metal shield, the coupling of residual ﬂuctuations of the
magnetic ﬁeld to the magnetic moment of the neutron is suﬃciently suppressed.
The physics behind the transitions between the energy eigenstates of the quantum bouncer caused by a vibrating
mirror or an oscillating potential is related to earlier studies of energy transfer when matter waves bounce of a vibrating
mirror [25, 26, 27, 28] or on a time dependent crystal [29]. In the later cases the transitions are between continuum
states, in the quantum bouncer between discrete eigenstates. Most interesting for our proposal to drive transitions
between eigenstates of the quantum bouncer with a vibrating mirror is the physics of reﬂection of a neutron by an
oscillating potential step as has been investigated at the research reactors Munich and Geesthacht (FRM and FRG) [27],
however in a diﬀerent energy regime.
5. Outlook
The long term plan is to apply Ramsey’s method of separated oscillating ﬁelds to the spectroscopy of the quantum
states in the gravity potential above a horizontal mirror [21]. In principle, ultra-cold neutrons can be stored and the time
scale can be increased to τ = 130 s.
It will allow high precision spectroscopy of the energy eigenstates of a neutron quantum bouncer on a ﬂat vertical
surface. Such Ramsey type interference measurements will improve the sensitivity for neutron’s coupling to gravity, to
hypothetical short ranged forces or the inﬂuence of the cosmological constant. A sensitivity of 21 orders of magnitude
below the strength of electromagnetism is found, when the expected sensitivity of ΔE = 4.8×10−21 eV is compared
with the Rydberg energy of 13.6 eV, which is the energy scale of electromagentically bound quantum systems.
The new method proﬁts from small systematic eﬀects in such systems, mainly due to the fact that in contrast
to atoms, the electrical polarizability of neutrons is extremely low. Neutrons are not disturbed by short range electric
forces such as van der Waals or Casimir forces. Together with its neutrality, this provides the key to a sensitivity of
several orders of magnitude below the strength of electromagnetism.
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